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Abstract
The control of discrete quantum states in solids and their use for quantum in-
formation processing is complicated by the lack of a detailed understanding of the
mechanisms responsible for qubit decoherences [1]. For spin qubits in semiconductor
quantum dots, phenomenological models of decoherence currently recognize two basic
stages [2–4]; fast ensemble dephasing due to the coherent precession of spin qubits
around nearly static but randomly distributed hyperfine fields (∼ 2 ns) [5–8] and a
much slower process (> 1 µs) of irreversible relaxation of spin qubit polarization due
to dynamics of the nuclear spin bath induced by complex many-body interaction ef-
fects [9]. We unambiguosly demonstrate that such a view on decoherence is greatly
oversimplified; the relaxation of a spin qubit state is determined by three rather than
two basic stages. The additional stage corresponds to the effect of coherent dephasing
processes that occur in the nuclear spin bath that manifests itself by a relatively fast
but incomplete non-monotonous relaxation of the central spin polarization at inter-
mediate (∼ 750 ns) timescales. This observation changes our understanding of the
electron spin qubit decoherence mechanisms in solid state systems.
1
ar
X
iv
:1
41
0.
43
16
v2
  [
co
nd
-m
at.
me
s-h
all
]  
30
 A
pr
 20
15
A coupling of the central spin to the nuclear spin bath gives rise to an effective magnetic
field, the Overhauser field [2, 3, 10, 11], in which the electron spin precesses over microsecond
timescales [12–15]. Numerous theoretical studies predicted that in the abscence of exter-
nal magnetic fields the coherent character of this precession leads to a characteristic dip
in the central spin relaxation, i.e. the spin polarization reaches a minimum during a few
nanoseconds from which it recovers before reaching a nearly steady level at 1/3 of the initial
polarization [2, 16]. The remaining polarization has been predicted to relax slowly due to
different many-body interactions in the nuclear spin bath leading to a gradual irreversible
loss of coherence [3, 9, 17, 18]. Unfortunately, until now it has been impossible to test many
such predictions experimentally, in particular, to observe the predicted dip in the qubit re-
laxation dynamics and explore phenomena occuring at much longer timescales. Here, we
apply novel experimental techniques that not only clearly resolve the precession dip in the
spin qubit relaxation but also provide new insights into the time-dependence of the central
spin polarization during timescales that are four orders of magnitude longer than have been
hitherto explored. Hereby, we utilize a spin storage device [19] in which a single electron spin
can be optically prepared in the dot over picosecond timescales with near perfect fidelity
[20, 21] (Supplementary Section 1) and stored over millisecond timescales [22]. After a well-
defined storage time we directly measure the electron spin projection along the optical axis
and show that the electron spin qubit exhibits three distinct stages of relaxation. The first
stage arises from a spin evolution in the randomly orientated quasi-static Overhauser field
(Fig. 1a, γHF) inducing an inhomogeneous dephasing over the initial few nanoseconds. This
is followed by an unexpected stage of the central spin relaxation, namely the appearance
of a second dip in the relaxation curve after several hundred nanoseconds. We show that
this unexpected feature reflects coherent dynamic processes in the nuclear spin bath itself
interpreted to arise from quadrupolar coupling (Fig. 1a, γQ) of nuclear spins I to the strain
induced electric field gradients [23] ∆E. This leads to non-ergodic fluctuations of the Over-
hauser field that act on the central spin. Eventually, the combined effect of quadrupolar
coherent nuclear spin dynamics and incoherent co-flips of nuclear spins with the central spin
induces the third stage of relaxation in which a long monotonous relaxation occurs over
microsecond timescales at low magnetic fields.
The electron spin qubit studied in this work is confined in a single self-assembled InGaAs
QD incorporated in the intrinsic region of a n-i-Schottky photodiode structure next to a
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FIG. 1. Single electron spin preparation, storage and read-out. a, Illustration of the
hyperfine interaction (γHF ) between an electron spin (blue arrow) and the nuclear spins (yellow
arrows), and quadrupolar interaction (γQ) between strain induced electric field gradient ∆E and
the nuclear spins I. b, Schematic representation of the band profile of the spin memory device.
c, Representation of the applied electric field and optical pulse sequence as a function of time.
The measurement cycle consists of four phases; (i) discharging the QD (Reset), (ii) electron spin
preparation (Pump), (iii) spin-to-charge conversion for spin measurement (Probe) and (iv) charge
read-out (Read). d, PL signature of the electron spin read-out for storage times of Tstore =
2.8 ns. The X−13/2 PL intensity reflects the charge state of the QD, 1e or 2e, by comparison of
the luminescence yield obtained with (red points) and without (black points) the application of a
probe pulse. e, Measurement of hole (τh) and electron tunneling time (τe).
AlGaAs tunnel barrier (Methods). As illustrated in the schematic band diagram in Fig. 1b,
such an asymmetric tunnel barrier design facilitates control of the electron (τe) and hole (τh)
tunneling time by switching the electric field inside the device. Such a control enables differ-
ent modes of operation (Fig. 1c): (i) discharging the QD at high electric fields (Reset), (ii)
optical electron spin initialization realized by applying a single optical picosecond polarized
laser pulse (Pump), (iii) spin to charge conversion (Probe) after a spin storage time Tstore,
and (iv) charge read-out (Read) by measuring the photo luminescence (PL) yield obtained
by cycling the optical e− → X−13/2 transition [24–26] (for detailed information see Supple-
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mentary Section 2). Figure 1d compares typical PL signatures of the electron spin read-out
scheme for applied magnetic fields of Bz = 80 mT and 0 mT for a fixed storage time of
2.8 ns. In order to measure the spin polarization 〈Sz〉 we perform two different measurement
sequences: a reset-pump-read cycle (black points in Fig. 1d) to obtain the PL intensity as
a reference when only one electron is present in the QD and a reset-pump-probe-read cycle
(red points in Fig. 1d) from which we deduce the average charge occupation of the QD (1e or
2e) by comparing the PL intensities of the X−13/2 ground state recombination (I1e or I2e). The
degree of spin polarization is then given by 〈Sz〉 = (I1e − I2e) / (I1e + I2e). As can be seen
in Fig. 1d, upon reducing the magnetic field, the probability of finding the dot charged with
2e rises (I2e > 0) indicating that electron spin relaxation has occurred and consequently we
find 〈Sz〉 < 1.
The temporal evolution of 〈Sz〉 at zero external magnetic field is presented in Fig. 2a.
Over the initial 20ns the average electron spin polarization exhibits a strong decay due to
precession of the initial electron spin S0 around a frozen Overhauser field Bn (as schemati-
cally depicted in Fig. 2b, top). At these short timescales the Overhauser field experienced by
the electron can be treated as being quasi-static but evolving between measurement cycles
during the few second integration time of our experiment. The magnitude and direction of
Bn are described by a Gaussian distribution function W (Bn) ∝ exp(−B2n/2σ2n) with σn be-
ing the dispersion of the Overhauser field [2]. As a consequence of the field fluctuations with
dispersion σn, the electron Larmor precession around the Overhauser field, averaged over
many precession frequencies, lead to a characteristic dip in 〈Sz〉 reflecting the inhomogeneous
dephasing time T ∗2 = 2 ns.
In the second phase of spin relaxation observed in Fig. 2a, taking place from 20 ns to 10 µs,
the degree of spin polarization is further reduced from 〈Sz〉 ∼ 1/3 to a small non-vanishing
value 〈Sz〉 ∼ 1/9. We attribute this to time dependent changes of Bn due to coupling of the
nuclear spins I to a strain induced electric field gradient ∆E (as schematically illustrated by
γQ in Fig. 1a): within a nucleus the charge distribution shows deviations from a spherical
symmetry, which can be described by a quadrupole moment. Due to the strain driven
formation of the QDs the crystal lattice is distorted away from cubic symmetry leading to
electric field gradients which couple to the quadrupolar moment of the nuclei [23, 27, 28].
In the presence of such a quadrupolar mixing the Overhauser field acquires time dependent
components which in turn modify the temporal evolution of the central electron spin [29].
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FIG. 2. Dynamics of the electron spin relaxation. a, Experimental data reveal a fast
inhomogeneous electron spin dephasing T ∗2 due to fluctuations of the Overhauser field while strain
induced quadrupolar coupling further reduces 〈Sz〉 with a correlation time TQ. The red line shows
the result of applying a semi-classical model (Supplementary Equation S6 and S13). The inset
presents a numeric calculation using a theoretical minimal-model described in the Methods and
Supplementary Section 5. While the second dip is produced by quadrupolar coupling, the long
relaxation tail at longer times (> 1 µs) is due to combined effects of hyperfine and quadrupolar
coupling. b, Illustration of electron spin evolution with an initial spin S0 in a total magnetic
field Bt. c, Evolution of the electron spin at weak magnetic fields. The width of the dips is a
result of Overhauser field fluctuations. A semi-classical model (red line) was used to simulate the
experimental data (Supplementary Equation S5 and S14).
In order to quantify the experimental data in Fig. 2a, we developed a semi-classical
model in which the nuclear spins precess around the random static quadrupolar fields com-
bined with a time-dependent hyperfine field of the central spin (see Supplementary). The
quadrupolar coupling of a nuclear spin is characterized by the direction of the coupling axis
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and by the characteristic size of the energy level splittings γQ along this quantization axis.
In a self-assembled quantum dot, electric field gradients have a broad distribution of their
direction and magnitude. We modeled them by assuming that the directions of quadrupolar
coupling axes are uniformly distributed and the characteristic level splittings have Gaussian
distribution throughout the spin bath: W (γQ) ∝ exp(−γ2Q/2σ2Q) with σQ being the single
parameter that characterizes the distribution of the quadruplar coupling strengths in the
spin bath.
The red line in Fig. 2a shows the prediction of this model obtained in the limit that
disregards the impact of the central spin on the nuclear spin dynamics. Even in this limit
the model correctly captures the appearance of both relaxation dips. While the position
of the first dip is determined by the Overhauser field fluctuations (σn = 500 µs
−1), the
second dip cannot be produced by irreversible decoherence effects. Our semi-classical model
explains it as being due to coherent precession of nuclear spins around the quadrupolar
axes. The Overhauser field produced by all precessing nuclear spins then fluctuates with
a typical time-correlator that results in a dip at a characteristic precession frequency and
saturates at a nonzero value. Throughout this regime the central spin follows the Overhauser
field adiabatically, and thus its relaxation directly reflects the shape of the Overhauser field
correlator. The position of the second dip is then determined only by the quadrupolar
coupling strength, TQ =
√
3/σQ, resulting in a value σQ = 2.3 µs
−1. Finally, in order to
capture the many-body co-flip effects beyond perturbative limits within the nuclear spin
bath, we performed numerical simulations of our semi-classical model including up to N=
50000 spins. The result of these simulations at γQ = 2γHF is presented in the inset of
Fig. 2a. It demonstrates that complex many-body interactions, such as spin co-flips, do not
remove either of the relaxation dips provide that the quadrupolar coupling strength exceeds
the hyperfine coupling γQ > γHF , as shown in Supplementary Figure S3. Co-flips, however,
are responsible for the appearance of a long relaxation tail, i.e. for the irreversible third
stage of central spin relaxation.
In order to obtain the Overhauser field dispersion experimentally we performed magnetic
field dependent measurements of 〈Sz〉, presented in Fig. 2c. The data clearly show that 〈Sz〉
resembles a dip at low magnetic fields which can be explained as follows: in the presence of
the Overhauser field Bn the electron spin precesses about the total field Bt = Bn +Bz, as
schematically depicted in Fig. 2b (bottom). At strong external magnetic fields (Bz  Bn)
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the total magnetic field Bt is effectively directed along Bz and the Zeeman interaction of
the electron spin with the magnetic field is larger than the interaction with the Overhauser
field. As a consequence, the electron spin relaxation is suppressed by an application of Bz
resulting in 〈Sz〉 ' 1, as can be seen in Fig. 2c for |Bz| > 50 mT. In contrast, at low external
magnetic fields (Bz <∼ Bn), the electron spin motion is dominated by the dynamics of the
nuclear spin bath. By fitting our data using a semi-classical model (red solid line in Fig. 2c)
we extract a dispersion of σn = 10.5 mT that remains approximately constant at the storage
times explored.
In addition to the out-of-plane magnetic field measurements, where the electron spin is
prepared in a spin-eigenstate, we show in Fig. 3a spin-precession measurements in a fixed
in-plane magnetic field. Here, the electron spin, prepared along the optical axis, precesses
with the Larmor frequency (|ge| = 0.55) around Bt, mainly directed along Bx. Again, due
to fluctuations of the Overhauser field, the electron spin experiences a dephasing leading to
damped oscillations in the evolution of 〈Sz〉. In Fig. 3b we analyzed the Fourier component
of the Larmor oscillations revealing a Gaussian envelope function indicating the Gaussian-
like distribution of the Overhauser field. The variance of the fit in Fig. 3b reflects the
inhomogeneous dephasing time of 1.99 ns, which is in perfect agreement with the value
obtained in Fig. 2a. The dephasing time and the Overhauser field dispersion are connected
via T ∗2 = h¯/geµBσn. Using ge = 0.55 we obtain σn = 10.3 mT (or σn = 509 µs
−1 in units of
a relaxation rate).
In order to remove the inhomogeneous dephasing and uncover the last decoherence mecha-
nism responsible for the long relaxation tail, we extended our pulse sequence by an additional
optical (Echo) pulse which allows us the implementation of spin-echo pulse sequences. The
result is shown in Fig. 3c. At strong magnetic fields (Bx = 4 T) the nuclear Zeeman split-
ting exceeds the quadrupolar splitting of 2.3µs−1 which effectively suppresses the dephasing
effect of quadrupole coupling. The dominant relaxation mechanism then stems from time
dependent changes of the Overhauser field arising only from the hyperfine interaction result-
ing in a mono-exponential decay of the echo amplitude. From a fit we obtain a decoherence
time of T2 = 1.28 µs. Upon reducing the magnetic field below the quadrupolar coupling
strength (Bx = 0.5 T), the quadrupolar interaction dominates the electron spin relaxation
which strongly reduces the coherence time and the echo signal follows an exp(−aT 4) behav-
ior. The blue line in Fig. 3c shows the application of a theoretical model which is described
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FIG. 3. Evolution of the electron spin in an in-plane magnetic field. a, Free induction
decay of the electron spin qubit. The Larmor oscillations are damped due to fluctuations of the
Overhauser field. b, The Fourier component of the Larmor oscillations decays according to a
Gaussian function revealing the spin dephasing time T ∗2 . c, Echo signal as a function of the total
evolution time at strong (black) and low magnetic fields (blue). The fit of the data are obtained
using a theoretical model which is described in the Supplementary Section 4.
in more detail in the Supplementary Section 4.
In summary we investigated the electron spin decoherence mechanisms in an individual
InGaAs QD over ultra-long timescales. The first relaxation phase within T ∗2 ' 2 ns, arising
from Overhauser field fluctuations, could be suppressed using spin-echo rephasing methods.
A second phase of electron spin relaxation occurs during TQ ' 750 ns due to coherent
dynamics of the nuclear spin ensemble interacting via a time-independent but non-uniform
gradient of electric fields throughout the quantum dot. The third stage corresponds to
irreversible processes induced by a combined effect of quadrupolar and hyperfine interaction.
The good agreement between the theoretical modeling and the experimental results shows
that many aspects of the electron spin decoherence at low magnetic fields are now fully
understood. Our findings have major implications for predictions of the coherence time
evolution of electron spin qubits at finite magnetic fields. Firstly, the comparative strengths
of quadrupolar and hyperfine interactions theoretically implies that the echo coherence time
8
of the electron spin qubits will exhibit a sudden transition with increasing magnetic field
once the nuclear Zeeman splitting exeeds the quadrupolar splitting (at ' 1.5 T). Secondly,
while the inhomogeneous dephasing time T ∗2 can be reversed by the application of spin-
echo methods, the strong back-action of quadrupolar couplings in the spin bath on the
electron spin qubit state demonstrate the necessity of the development of strain engineered
QD structures for extended coherence times T2 which may also help pave the way towards
creating useful solid state quantum information devices.
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METHODS
Sample.
The sample studied consists of a low density (< 5 µm−2) layer of nominally In0.5Ga0.5As-
GaAs self-assembled QDs incorporated into the d = 140 nm thick intrinsic region of a n-i-
Schottky photodiode structure. A opaque gold contact with micrometer sized apertures was
fabricated on top of the device to optically isolate single dots. An asymmetric Al0.3Ga0.7As
tunnel barrier with a thickness of 20 nm was grown immediately below the QDs, preventing
electron tunneling after exciton generation.
Theoretical model and numerical approximations.
The minimal Hamiltonian of the central spin interacting with a nuclear spin bath with
quadrupole coupling is given by
Hˆ =
N∑
i=1
(
γiH Iˆi · Sˆ+ geµeBex · Sˆ+ gnµnBex · Iˆi +
γiq
2
(Iˆi ·ni)2
)
, (1)
where Sˆ is the central spin operator, γiH and γ
i
q are the strengths of, respectively, the
hyperfine and the quadrupole couplings of ith nuclear spin, Ii > 1/2 are the sizes of the
nuclear spins e.g., I = 3/2 for Ga and I = 9/2 for most abundant In isotopes; ni is the
unit vector along the direction of the quadrupole coupling anisotropy, which generally has a
11
broad distribution inside a self-assembled quantum dot. The analytical and even numerical
treatment of evolution with Eq. (9) would be too complex to achieve for a realistic number
of nuclear spins N ∼ 105. In order to obtain analytical and numerical estimates, we used
an observation made in Ref. [29] that essential effects of the quadrupole coupling in (9) are
captured by a much simpler model of a spin bath with spins-1/2 only:
Hˆ = B · Sˆ+
N∑
i=1
γiHSˆ · sˆi + γiQ(sˆi ·ni) + b · sˆi, (2)
with B = geµeBex and b = gNµNBex the effective Zeeman fields acting on, respectively,
electron and nuclear spins. The spin-1/2 operators Sˆ and sˆi stand for the central spin
and for the ith nuclear spin, respectively. The quadrupole coupling is mimicked here by
introducing random static magnetic fields acting on nuclear spins with the same distribution
of ni as in (9), i.e, the vector ni points in a random direction, different for each nuclear spin.
Parameters γiQ are connected to γ
i
q as γ
i
Q ∼ γiqI/2, i.e. it is the characteristic nearest energy
level splitting of a nuclear spin due to the quadrupole coupling.
ACKNOWLEDGEMENTS
We are very grateful to L. Cywinski for most useful and enlightening discussions. Further-
more, we gratefully acknowledge financial support from the DFG via SFB-631, Nanosystems
Initiative Munich, the EU via S3 Nano and BaCaTeC. K.M. acknowledges financial support
from the Alexander von Humboldt foundation and the ARO (grant W911NF-13-1-0309).
Work at LANL was supported by the U.S. Department of Energy, Contract No. DE-AC52-
06NA25396, and the LDRD program at LANL.
12
SUPPLEMENTARY INFORMATION: THREE STAGE DECOHERENCE DY-
NAMICS OF ELECTRON SPIN QUBITS IN AN OPTICALLY ACTIVE QUAN-
TUM DOT
1 Optical characterization of the spin memory device
The InGaAs self-assembled quantum dots (QD) are incorporated in a spin memory device
with an AlGaAs tunnel barrier immediately next to the quantum dot layer, as explained
in the main article [1]. The corresponding photoluminescence (PL) spectra as a function of
the electric field applied across the QD layer are presented in Fig. 4. Here, the excitation
laser is tuned to 1409 meV exciting the charge carriers from the crystal ground state into
the wetting layer from where they relax into the QD and recombine optically by producing
a luminescence signature. To prevent an electron accumulation in the quantum dot due to
the tunnel barrier, the sample is periodically emptied at a repetition rate of 500 kHz using
a reset voltage pulse (see main text[1]) of Freset = 190 kV/cm applied for 500 ns. Directly
after the reset operation, the excitation laser is applied for 1 µs at a constant electric field
which is varied from 0 kV/cm to 54 kV/cm to obtain the photoluminescence spectra as
presented in Fig. 4. Using this excitation sequence we observe luminescence signal from the
neutral exciton X0, the negatively charged exciton X−1 and triplet 3/2-state of the charged
exciton X−13/2 recombination for F < 30 kV/cm. At electric fields F > 30 kV/cm the hole
tunneling rate is higher than the optical recombination rate and no photoluminescence signal
is produced. Thus, the photoluminescence signal in Fig. 4 is quenched for large electric fields.
2 Electron spin storage and readout scheme
In order to use the device as a spin memory we apply a time dependent electric field profile
and optical pulse sequence. Initially the QD is emptied by application of high electric fields
(Freset = 190 kVcm
−1) for 500 ns. During the charging mode (Fcharge = 70 kVcm−1) a 5 ps
duration σ+-polarized laser pulse resonantly drives the cgs→ X0 transition with 1323.8 meV
laser energy (indicated with Pump in Fig. 4), whereupon an exciton is generated and the
hole tunnels out of the QD within τh = 4 ps. The electric field is chosen such that the hole
escape time is much faster than the timescale for exciton fine structure precession (∼ 150 ps)
providing a spin-|↓〉 initialization fidelity ≥ 98%. In contrast to the short hole lifetime,
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electron tunneling is strongly suppressed by the AlGaAs barrier leading to τe  10 µs. To
convert the spin information of the resident electron into a charge occupancy, a second laser
pulse with 5 ps duration and a laser energy of 1320.4 meV is applied to resonantly excite the
1e → X−1 transition at Fcharge = 70 kV/cm (indicated with Probe in Fig. 4). During the
application of this second pulse, the spin information of the resident electron is mapped into
a charge occupancy of the dot. Depending on the spin projection of the initialized electron
after Tstore, the Pauli spin blockade either allows or inhibits light absorption of the second
laser pulse. Thus, for electron spin-|↓〉 projection the QD is charged with 1e, whereas for
spin-|↑〉 the Pauli spin blockade is lifted, X−1 creation is possible and rapid hole tunneling
leaves the QD charged with 2e. Finally, the device is biased into the charge read-out mode
(Freset = 13 kVcm
−1), where a 1 µs duration laser pulse with a laser energy of 1350.6 meV
resonantly drives an excited state of the hot trion transition 1e→ X−13/2, probing the charge
occupancy of the QD and, therefore, the electron spin polarization after Tstore by measuring
the photo luminescence yield from the X−13/2 recombination (indicated with Read in Fig.4).
Besides the X−13/2 PL as shown in Fig. 1d in the main article, recombination from X
−1
1/2 and
X−15/2 are visible in the spectra with a reduced PL intensity. Here, the triplet states of the
trion are split by the isotropic electron-hole exchange interaction (∆0 = 110 µeV) leading
to two optically bright transitions (X−11/2, X
−1
3/2) and one optically dark transition (X
−1
5/2).
The X−15/2 transition has a non-vanishing optical recombination probability due to in-plane
components of the hyperfine field that mix the spin eigenstates and is, therefore, visible in
the observed PL spectra.
As explained in the main article [1], we compare the luminescence yield obtained from
the X−13/2 optical ground state recombination using a reset-pump-read and a reset-pump-
probe-read sequence to obtain the degree of electron spin polarization 〈Sz(t)〉. To obtain a
high degree of the initial electron spin polarization during the charging sequence (generation
of X0), the hole has to be removed much faster than the exciton fine structure precession
time of τFSS = 150 ps. Therefore, the electric field of Fcharge = 70 kV/cm was chosen such
that the hole tunnels out the quantum dot within τh = 4 ps, while the electron remains
in the quantum dot over microsecond timescales (τe  10 µs). For the tunneling time
measurements, shown in Fig. 5, we use a reset-pump-probe-read sequence where the pump-
laser and the probe-laser are in cross-circular configuration to prevent Pauli spin blockade (in
contrast to co-circular configuration for the spin-to-charge conversion). With this sequence
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FIG. 4. Photoluminescence spectra as a function of electric field with optical excitation in the
wetting layer.
we monitor the X0 life time by varying the time delay between the pump pulse and the
probe pulse (T hstore). As long as the X
0 is present in the QD, the probe laser is not resonant
to the e→ X−1 transition resulting in a read laser absorption whereupon a PL signal form
the hot trion groundstate recombination is produced at short time delays, as can be seen
in Fig. 5a. Once the hole tunnels out the QD leaving behind a single electron, the probe
laser resonantly drives the e → X−1 transition whereupon the read laser is off-resonant to
the hot trion transition (e 6→ X−1,∗3/2 ) and no PL signal is produced at long time delays.
The X0 life time directly reflects the tunneling time of the hole (τh = 4 ps) since the
electron tunneling rate is negligible due to the AlGaAs tunnel barrier
(
1
τX0
= 1
τe
+ 1
τh
' 1
τh
)
.
To show that the electron life time at Fcharge = 70 kV/cm is sufficiently long we perform a
reset-pump-read cycle and vary the time delay between pump laser and read laser (T estore).
Immediately after exciton generation (pump sequence) the hole tunnels out the QD preparing
the single electron. As long as the electron is present in the QD, the read laser resonantly
drives the e→ X−1,∗3/2 transition and PL signal from the hot trion ground state recombination
can be monitored, otherwise no absorption from the read laser is possible. After a storage
time of 10 µs no electron escape is measurable, as shown in Fig. 5b, enabling electron spin
polarization measurements up to the microsecond time scale.
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FIG. 5. Hole and Electron tunneling time. (a) Exciton lifetime measurement renders the hole
tunneling time using a reset-pump-probe-read measurement cycle. (b) Electron tunneling time
measurement using a reset-pump-read measurement cycle.
3 Theory of central spin dephasing in external out-of-plane magnetic field: short
time scales
At short time scales, t  1µs, one can disregard the dynamics of nuclear spins so that
the central spin polarization dynamics follow the law:
S(t) = (S0 ·n)n+
(
S0 − (S0 ·n)n
)
cos(ωt) + S0 × n sin(ωt), (3)
where n is the unit vector along the total, external plus Overhauser, field:
n =
B+Bn
ω
, (4)
ω =
√
(B +Bnz)2 +B2nx +B
2
ny, (5)
where we assume that the external field B is along the measurement z-axis with magnitude
B.
The Overhauser field statistics is described by the Gaussian distribution [2]
W (Bn) ∝ e−
B2n
2σ2n , σn =
√
NγH , (6)
where N  1 is the number of spins in the nuclear spin bath, and γH is the characteristic
strength of the hyperfine coupling between a single nuclear and the central spin. Thus, the
parameter σn characterizes the typical size of the Overhauser field.
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FIG. 6. Time dependence of the spin polarization, 〈Sz(t)〉, at different external out-of-plane mag-
netic field values: B = 0, 2σn, 10σn for the blue, red and black curves, respectively.
Averaging (3) over (6) we find
〈S(t)〉 = S0g(t), g(t) = 1− a2 + a3DF
(1
a
)
+ a2 cos(t′/a)e−t
′2
−
√
pia3
4
e−1/a
2
(
Erfi(1/a− it′) + Erfi(1/a+ it′)
)
. (7)
Here, we defined two dimensionless parameters: a ≡
√
2σn
B
and t′ ≡ tσn√
2
. DF (x) is the Dawson
Function defined as DF (x) = e
−x2 ∫ x
0
et
2
dt, and Erfi(x) is the imaginary error function with
Erfi(x) = 2√
pi
ex
2
DF (x). At zero external field, B = 0, Eq. 7 reduces to the familiar formula
from [2]:
〈S(t)〉 = S0
3
(
1 + 2(1− σ2nt2)e−σ
2
nt
2/2
)
. (8)
We used Eq. (7) to fit experimental results (red curve) along the first dip in Fig. 2a of the
main text. In addition, in Fig. 6 of this supplementary file, we plot Sz(t) as a function of t
for different external magnetic field, B = 0, 2σn, 10σn. The spin polarization curve 〈Sz(t)〉
has a dip-minimum which develops at T =
√
3
σn
. A comparison with the experiment gives
T = 3.4ns and σn =
√
3
T ∗2
= 508µs−1.
4 Effect of Quadrupole Coupling
The effects of the quadrupole coupling become apparent at relatively long times t ∼
102 − 103ns. They are modeled by the Hamiltonian [3]
Hˆ =
N∑
i=1
(
γiH Iˆi · Sˆ+ geµeBex · Sˆ+ gnµnBex · Iˆi +
γiq
2
(Iˆi ·ni)2
)
, (9)
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where Sˆ is the central spin operator, γiq is the strength of the quadrupole coupling of ith
nuclear spin, Ii > 1/2 are the sizes of the nuclear spins, e.g., I = 3/2 for Ga and I = 9/2 for
In most abundant isotopes; i is the unit vector along the direction of the quadrupole coupling
anisotropy, which generally has a broad distribution inside a self-assembled quantum dot.
We will make an assumption that this distribution is uniform, and test predictions of this
approximation by direct comparisons with experimental results. For simplicity, we assume
a bath of spins of the same isotope, and hence identical nuclear g-factors gn.
A similar Hamiltonian has been considered previously in [3] for application to spin relax-
ation in hole-doped quantum dots. The major difference of electronic quantum dots is the
nearly isotropic hyperfine coupling in Eq. (9), which follows from the contact exchange inter-
action, and a relatively strong magnitude of the hyperfine coupling, which is now comparable
to the quadrupole coupling in electron-doped dots. This difference leads to drastically dif-
ferent relaxation curve for electronic spins from the merely exponential relaxation of hole
spins discussed in [3].
The analytical and even numerical treatment of evolution with Eq. (9) would be too
complex to achieve for a realistic number of nuclear spins N ∼ 105. In order to obtain
analytical estimates for central spin dynamics, we will use an observation made in Ref. [3]
that essential effects of the quadrupole coupling in (9) are captured by a much simpler model
of a spin bath with spins-1/2 only:
Hˆ = B · Sˆ+
N∑
i=1
γiHSˆ · sˆi + γiQ(sˆi ·ni) + b · sˆi, (10)
with B = geµeBex and b = gNµNBex the effective Zeeman fields acting on, respectively,
electron and nuclear spins. The spin-1/2 operators Sˆ and sˆi stand for the central spin
and for the ith nuclear spin, respectively. The quadrupole coupling is mimicked here by
introducing random static magnetic fields acting on nuclear spins with the same distribution
of ni as in (9), i.e, the vector ni points in a random direction, different for each nuclear spin.
Parameters γiQ are connected to γ
i
q as γ
i
Q ∼ γiqI/2, i.e. they characterize nearest energy level
splitting of nuclear spins due to the quadrupole coupling.
We are now in a position to show that, in the presence of quadrupole couplings, 〈Sz(t)〉 will
develop a second dip with a minimum at a fraction of a microsecond. It is easiest to see this
if we consider the case of a zero or weak external magnetic fields and a strong quadrupole
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coupling: γQ  γH . Each nuclear spin simply rotates then around the corresponding
quandrupole field axis. Within the model (10), keeping only effects of quadrupole fields,
this dynamics is given by
si(t) = (si0 ·ni)ni + (si0 − (si0 ·ni)ni) cos(ωit) + si0 × ni sin(ωit), (11)
where ωi = |γiQ|, and where we introduced the vector γiQ ≡ γiQni, whose components we will
choose from a Gaussian distribution: W (γQ) ∝ e
− γ
2
Q
2σ2
Q with σQ being the characteristic rms
of the quadrupole coupling distribution. This choice corresponds to the uniform distribution
of the anisotropy vectors ni. Averaging (11) over the distribution of quadrupole fields, we
find the correlators of the Overhauser field:
〈Bnα(t)〉 = 0, 〈Bnα(t)Bnβ(0)〉 = γ2H
N∑
i
〈siα(t)siβ(0)〉 = σ2nδαβf(t), (12)
with
f(t) =
1
3
(
1 + 2(1− (σQt)2)e−σ2Qt2/2
)
. (13)
At microsecond time scales, the central spin polarization follows the Overhauser field Bn(t)
adiabatically, i.e.,
〈S(t)〉 =
〈
n(t)(n(0) ·S(0))
〉
, (14)
with n(t) being the direction of the total field experienced by the central spin, that is, the
sum of the external Zeeman coupling with the field B and the Overhauser field Bn(t).
For the case of B = 0, the result of averaging (14) over the initial central spin and nuclear
spin states can be obtained in a closed form:
〈S(t)〉 = S(0)
(2√1− f(t)2
3pif(t)
− 2(1− 2f(t)
2)
3pif(t)2
sin−1(f(t))
)
, (15)
which shows, e.g., that 〈S(t)〉 saturates at the value ≈ 0.095S(0) at long time and, prior to
this, develops a second dip in spin relaxation at time TQ =
√
3
σQ
. This behavior is confirmed
experimentally in Fig.3a of the main text. Comparison to experiment gives: TQ = 0.75µs,
which corresponds to σQ = 2.3µs
−1.
In the presence of an external magnetic field, the exact expression for Sz(t) would be too
complex to be shown here. Following [2], we make the approximation that 〈nα(t)nβ(0)〉 ∼
〈BTα(t)BTα(0)〉
〈BTα(0)BTβ(0)〉 with BT = B+Bn. We find an approximate formula:
〈Sz(t)〉 = Sz(0)
[
1− a2f(t) +
(
a3f(t)− a(1− f(t))
)
DF (1/a)
]
, (16)
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where a is defined in Eq. (7). Equation (16) produces a good fit of the 2nd dip in Fig.2c
(Tstore = 660ns) of the main text (red curve).
Finally, we discuss the spin echo experiment. The major reason for the decay of the spin
echo, at low values of the external magnetic field, is the noise of the Overhauser field along
the applied external magnetic field. Let the 2pi pulse be applied at time T so that the echo
is observed after the time 2T . The size of the echo is then given by
C2(2T ) =
〈
ei
∫ 2T
0 dtα(t)Bnz(t)
〉
, (17)
with α(t) = 1 for 0 < t < T and α(t) = −1 for T < t < 2T . Averaging in (17) is over the
distribution of quadrupole fields and initial states of the nuclear spins. In the limit of a low
external magnetic field, b σc, we find
C2(2T ) = e
− 1
4
σ2nσ
2
QT
4
. (18)
In the large field limit, up to the leading order terms in σ2Q/b
2 we find:
C2(2T ) = exp
[
− 2σ
2
nσ
2
Q
b2
(
3− 4e−σ2QT 2/2 cos(bT ) + e−2σ2QT 2 cos(2bT )
)]
. (19)
Equation (18) shows that at low external fields, the echo signal decays non-exponentially,
with a characteristic time for the relaxation of the spin echo of the order Techo ∼
√
T ∗2 TQ,
where T ∗2 and TQ are characteristic times of, respectively, the first dip and the second dip,
defined in Fig.2a of the main text. Non-exponential relaxation of the spin echo is the direct
consequence of nonergodic dynamics of nuclear spins. Equation (19) shows that quadrupole
effects on spin echo become quickly suppressed at the values of the external magnetic field
exceeding the geometric mean of the Overhauser and quadrupole fields. This agrees well
with the observation in Fig. 3c of the main text that relaxation of the spin echo slows down
considerably at external fields ∼ 4Tesla. Spin echo relaxes then exponentially due to the
mechanisms that are essentially different from a simple nuclear spin precession.
5 Details of the numerical algorithm
An insight in a more complex regime of comparable hyperfine and quadrupole couplings
can be achieved by numerical simulations of the dynamics of the central-nuclear spin density
matrix within the time-dependent mean field algorithm developed in [3] and [4]. Following
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FIG. 7. Central spin relaxation at different values of quadrupole couplings σQ. The number
of nuclear spins is N = 900, and energy scale is set by the average value of hyperfine coupling
γH = 1.0. For individual nuclear spins, hyperfine coupling was chosen randomly from the interval
(0, 2γH). The black, red, blue and brown curves correspond to, respectively, σQ = 0, 0.2, 0.5, 2.0.
this approach, we approximate the state vector |Ψ〉 of the total system as a product |Ψ〉 =
|u0〉
∏N
i=1 |uk〉 of the single-spin vectors |uj〉, (j = 0, . . . N). Then, at each time step we
update the state of each spin by considering its evolution with the effective Hamiltonian
H ieff = hi(t)σˆ
i, i = 0, 1, . . . , N, (20)
where the effective field hi(t) acting on the i-th spin is calculated, at each step, according to
h0 = B +
N∑
i=1
γiH
(
σiz zˆ + σ
i
xxˆ+ σ
i
yyˆ
)
, (21)
hi = γ
i
H
(
σ0z zˆ + σ
0
xxˆ+ σ
0
y yˆ
)
+ γiQn
i, (22)
where we defined σj(t) = Tr[ρˆ(t)σˆj], and where ρˆ(t) is the density matrix that corresponds
to the pure state Ψ(t).
The inset of Fig. 2a in the main text shows that the effect of a smaller (but comparable
to quadrupole) hyperfine coupling is an enhanced relaxation at longest time scale t 1µs.
At even stronger values of hyperfine couplings, the second dip disappears. Figure 7 shows
results of our numerical simulations with N = 900 nuclear spins at γH = 1 for different
values of the quadrupole coupling: σQ = 0, 0.2, 0.5, 2.0.
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